Abstract. We present results of magnetic torque calculations using the fully relativistic spin-polarized Korringa-Kohn-Rostoker approach applied to small Co and Fe clusters deposited on the Pt(111) surface. From the magnetic torque one can derive amongst others the magnetic anisotropy energy (MAE). It was found that this approach is numerically much more stable and also computationally less demanding than using the magnetic force theorem that allows to calculate the MAE directly. Although structural relaxation effects were not included our results correspond reasonably well to recent experimental data. 
Introduction
In recent years, low-dimensional magnetic nanostructures on surfaces have been the subject of intense experimental and theoretical research activities which are driven by fundamental as well as practical interests. One of the central questions for potential future applications is how the spin-orbit coupling (SOC) induces specific magnetic properties such as orbital magnetic moments and magnetic anisotropy. Another interesting issue is its influence on the exchange coupling. Hereby, it is especially important to understand how these properties evolve from single magnetic adatoms to submonolayer magnetic particles. This very prominent role of SOC for such systems is also reflected in recent reviews [1] as well as theoretical work [2] .
A system which has been intensively investigated experimentally [3] [4] [5] [6] [7] [8] [9] [10] as well as theoretically [11] [12] [13] [14] [15] in recent years is Co/Pt(111) (used here as a short notation for Co clusters or nanostructures, respectively, deposited on a Pt(111) substrate) as this is a prototype to study the requirements on new high-density magnetic storage materials. Earlier theoretical works studied only rather small Co clusters or Co chains on Pt(111) [11] [12] [13] [14] , whereas only recently first qualitative results and trends based on a parameterised tight-binding approach were published for deposited structures of up to 37 Co atoms [15] . In our earlier works [11] [12] [13] on the Co/Pt(111) system we already described the evolution of the spin and orbital moments as well as the exchange coupling for small clusters. What has been missing so far, for a complete picture of the magnetic a e-mail: hubert.ebert@cup.uni-muenchen.de behaviour is the magnetic anisotropy energy (MAE) for such systems. In principle, calculations of the MAE are possible by applying the magnetic force theorem or by determining the total energies as a function of the magnetisation direction. However, it turned out that these procedures are rather delicate when dealing with deposited clusters and one needs to take great care when taking band or total energy differences. Therefore, we implemented a method to calculate the magnetic torque directly from the electronic structure. Calculating the magnetic torque for a sequence of directions of the magnetisation then gives access to the MAE.
In this present work we show first results for magnetic torque calculations of the already well investigated Co adatoms and dimers deposited on Pt(111) and compare them with their Fe analogues. These investigations are complemented by calculations for decorated clusters that allow to optimize the MAE. Our theoretical results are then used to simulate magnetisation curves of an ensemble of Fe n (n = 1, 2, 3) clusters on Pt (111), that are compared to recent experimental results.
Computational details
The calculations for the investigated cluster systems were done within the framework of spin density functional theory using the local spin density approximation (LSDA) with the parameterization given by Vosko, Wilk and Nusair for the exchange and correlation potential [16] . The electronic structure is determined in a fully relativistic way The European Physical Journal D on the basis of the Dirac equation for spin-polarised potentials which is solved using the Korringa-Kohn-Rostoker (KKR) multiple scattering formalism [17, 18] . This procedure consists of two steps. First the Pt(111) host surface is calculated self-consistently with the tight binding (TB) version of the KKR method using layers of empty sites to represent the vacuum region. This step is then followed by treating the deposited clusters as a perturbation to the clean surface with the Green's function for the new system being obtained by solving the corresponding Dyson equation. This scheme is described in more detail in earlier publications [12, 13] .
In all calculations the cluster atoms were assumed to occupy ideal lattice sites in the first vacuum layer and no effects of structure relaxation were included. Therefore, our results contain a systematic error and are strictly spoken not directly comparable with experimental data. Nevertheless, it could be shown already in earlier work [11, 13, 14] on deposited clusters that this approach is capable of reproducing systematic trends as well as achieving a reasonable quantitative agreement with values found in experiment.
The αû-component of the torque vector T (n) αû on the magnetic moments oriented along the directionn was calculated with an expression based on Lloyd's formula and perturbation theory [19]
Here f F D is the Fermi distribution function,û is the direction of the torque vector andĴ is the total angular momentum operator. Finally, the matrices t i (n) and τ (n) ii are the single site t-matrix and the site diagonal scattering path operator, respectively, where i (used as an index) labels the atomic sites. As the calculations are done assuming the temperature T = 0 K the Fermi distribution function is replaced by the theta function Θ(E F − E) with E F being the Fermi energy. For all results shown below, the energy integral dE occurring in equation (1) was calculated on a rectangular complex energy mesh containing 64 points, while using an angular momentum expansion up to l max = 2 for all the occurring matrices. Equation (1) uses the analytic derivative of the energy with respect to a rotation angle. We found that this approach is numerically much more robust than taking the differences between band or total energies. The disadvantage, however, is that the magnetic anisotropy energy, defined as the difference E(n,n 0 ) of the energy for two orientations of the magnetisation,n andn 0 , respectively, has to be determined by a corresponding path integral:
Developing E(n,n 0 ) in spherical harmonics up to second order and taking into account the symmetry of the investigated cluster substrate systems, one finds for example for a cluster having C 2v -symmetry with respect to its spatial structure, i.e. ignoring the orientationn of the magnetisation [20] :
Using a corresponding expression for the torque it is straight forward to deal with the integral occurring in equation (2). The evaluation of the anisotropy constants K n,m occurring in this equation can then be determined in a rather easy way by determining the torque for certain orientationsn i.e. at angles (θ, φ) of the magnetic moments (see below).
Results and discussion
The structure of the investigated Co and Fe monomers and dimers are shown together with the underlying Pt(111) substrate in Figure 1 . As the ad-or cluster atoms, respectively occupy regular lattice sites correspondingly to the substrate the resulting cluster/substrate system has C 3v -and C 2v -symmetry, respectively. Comparing the resulting spin and orbital magnetic moments of Co and Fe in Table 1 one notices that the spin magnetic moments for Fe are in general about 1.5 times larger than for Co. For both transition metals the dimer formation has only a minor impact on their spin magnetic moments when compared to the single adatoms. The orbital moments, however, show a more interesting behaviour. Here we find already a substantial quenching when going from single adatoms to the corresponding pure i.e. unmixed dimers. This effect seems to be much more pronounced in the case of Fe where the orbital magnetic moment of a Fe 2 dimer atom reduces to about one third of the monomer value compared to only three quarters in the case of Co.
The corresponding values for the mixed dimer differ only slightly from those of Co 2 and Fe 2 , respectively. The different behaviour of the orbital moment for Co and Fe is also reflected in their anisotropies (see below). A further increase in cluster size leads usually (depending also on
